I. INTRODUCTION
Currently, there is a growing interest towards the utilization of renewable energy sources in the generation of electric power. In most cases, induction generators are used, driven by wind or hydraulic turbines. This is mainly due to their high reliability, low price and reduced maintenance costs.
Induction generators can operate connected to a power network or as artonomous generators. When the induction generator is connected to an infinite power net, the analysis becomes simplb [l] , since the voltage and frequency are determined I $ the driving network. However, an autonomous i duction machine is able to generate electric power only if self excitation occurs [2, 31, and it can be sustained. In this latter case, the analysis is more involved; PE-1 77-EC-0-2-1998 A paper recommended and approved by the IEEE Electric Machinery Committee of the IEEE Power Engineering Society for publication in the IEEE Transactions on Energy Conversion Manuscript submitted June 18. 1997, made available for printing March 2, 1998. as it will be discussed later, the operation in the linear region of the core magnetizing curve is inherently unstable, and closed loop operation is imperative. Furthermore, voltage and frequency control are interactive.
There exists a large amount of bibliography on the subject, but most applications operate the generator in the saturation region of the core. This guarantees stable operation, but the range of output voltage is limited and the efficiency is low. Using this operation mode, some authors make a transient analysis [4, 51, while others only consider stationary models to discuss the performance [6, 7, 81.
In this paper, we consider a self excited induction generator (SEIG) operating in the linear zone of the core magnetizing curve. The main advantages of this operation mode are: i) there is always margin to increase or to decrease the magnetizing flux, and consequently the generated voltage; ii) overall efficiency is improved. The strategies proposed here for controlling both voltage and frequency are based on variable structure control theory (VSC) with sliding mode [9, lo] . This theory has been widely applied in recent years to control electric drives [ll, 12, 13, 141 . Sliding mode control offers interesting characteristics such as robustness to parametric uncertainties and external perturbations, system reduction, fast dynamic response, easy controller design for nonlinear systems, and it turns to be very appropriate for the on-off behavior of power switches.
A dynamic model of the generator is used to design the controller and to analyze the transient response of the system upon sudden load changes. A detailed analysis on the behavior of the electrical variables at the switching instants is performed. A new strategy based on variable structure control is used to regulate the frequency. Computer simulations are presented to show the transient behavior.
STATEMENT OF THE PROBLEM
The self excitation phenomenon, using external capacitors is well known. If operation in the linear zone of the magnetizing curve is desired, a precise (variable) leading current has to be supplied to keep with varying loads of different power factor. There are numerous possibilities to generate leading reactive power with solid state equipment. Most of them can be found under "power factor controllers" in the literature [15, 161. Among them, the self controlled 0885-8969/99/$10.00 0 1998 IEEE dc-bus var compensator is the most widely known [17] . In [18] , an external excitation circuit for a SEIG was proposed. The effective external capacitive reactance can be varied through the switching of inductances. The switching is performed using electronic power switches, the action being commanded by the voltage controller. Since each leg of the delta connected inductor can be controlled independently, this configuration can easily handle unbalanced generator loads.
Let us consider that the machine has an initial residual flux (or some means are provided to inject an initial current into the stator windings), and the rotor is propelled by some external mechanical power source, such as an fuel engine, hydraulic turbine, etc. If external capacitors of adequate values are connected to the stator windings, self excitation occurs. The magnitude of the generated voltage will depend among other things on the capacitance value, the load current, and the load power factor. Considering steady state operation it is possible to observe three regions clearly differentiated: i) a stable zone, corresponding to operation in the saturated region of the magnetic core; ii) an unstable zone, corresponding to operation on the linear region of the magnetic core; and iii) a region of no-generation. In the first case, the linear I-V curve of the excitation capacitors intersect the core magnetizing curve at a well defined point. In the second case, the intersection is not well defined, for it occurs at an infinite number of points. In the third case, the only intersection occurs at the origin as is shown in Fig. 1 , Let us assume that the machine is actually operating at point 1 in Fig. 1 . If a capacitor of value C, is connected, the new generated voltage will he determined by the machine characteristic curve, and will evolve from point 1 to point 2 with a definite time constant. Conversely, if the capacitor is reduced from a value C, at point 1 to a value CO, smaller than C,, the magnetizing current will not be compensated by an identical but leading current component. In this case, the machine will first try to save the situation by dropping some of its magnetizing current in order to reach another stable operating point along its magnetizing curve. This results in a lower air gap voltage and a consequently lower flux; the slip will increase and finally the machine will stop generating (intersection at zero in Fig. 1 ). Fortunately, the time constants involved in either situation (voltage increase or decrease) are lower than the generation period, this fact allows corrective commutation actions to be taken to keep the average leading current around its required value. First order information of the constants can be obtained from a linearized analysis around the operating point.
In principle, it should be possible to stay in the neighborhood of point 1 by means of some kind of clever capacitor switching (between values CO and C,) such that in average the correct magnetizing current is provided. However, direct capacitor switching is not convenient because excessive current surges occur at the switching instants. An alternative configuration is shown in Fig. 2 [181. Here a equivalent representation in a d -4 stationary reference frame was used for a symmetrical, balanced, threephase system [19] . As before, C is the excitation capacitance (the value of which exceeds C,); L is an external inductance, with internal resistance R I ; R is the load resistance; i,vd and i,c, are the stator and inductance currents respectively; and vSd is the stator voltage; the subscript d denotes the d -phase of the ( d , q ) reference frame. When the inductance L is connected in parallel to the capacitor C (control action w= 1) the equivalent capacitive reactance X,, is greater than the original capacitor reactance. To increase momentarily the equivalent capacitance, the inductance is disconnected from the circuit (control action w= 0); the inductive current finds its path along the circuit formed by RI and L .
In order to guarantee the generation under different load conditions, it is necessary to observe the following steps: i) 31 and [20] among others.
CONTROL STRATEGY
The control strategy proposed here has the objective of controlling simultaneously the output voltage and the frequency of a SEIG, operating in the linear region of the core magnetizing curve. Techniques based on variable structure control are used. The main advantages of this control theory are obtained incorporating sliding modes [9, 101. The basic idea of sliding mode controllers is to force the dynamic system trajectory to move on a switching surface appropriately designed in the system state space. Sliding mode occurs when the states are forced to remain on the switching surface by means of appropriate switching actions.
A. Salient Aspects of the Voltage Control
In order to perform the following analysis, a dynamic model of the induction generator (IG) [19] conditions. In order to satisfy the control objective we propose here the use of variable structure control strategies. It would be natural to define the following switching surface:
(1)
If we are able to sustain the system in sliding mode, that is S, ( t ) = 0 , the control objective will be satisfied, i.e. V v ( t ) = V l r e f . However, (1) is not convenient for control purposes. The reason is that V s ( t ) contains high frequency components which produce very fast switching on the proposed surface. 5 (v, ( t ) -R,i, (t) where hsrefnom is the stator flux reference value for any particular IG operating condition, and ki is a constant.
S i s > 0 implies (li,v(t)ll > ( t ) , and in stationary conditions it implies V s ( t ) > V v r e f . In order for V,(t) to
decrease, it is imperative that the excitation current supplied by the external circuit decrease. This is obtained connecting the inductances in parallel to the external capacitors (ly= I) in such a way that XLc > X,,, . On the contrary, Si,s c 0 indicates ~~i , v ( r )~~ < h,vr,f ( t ) , and in stationary state it implies V v ( t ) < Vsref . In this case, the external circuit should provide the extra excitation necessary to increase the magnetizing current. This is obtained disconnecting the inductances from the circuit ( ly= 0). Consequently, a discontinuous control action is devised:
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-90" Table 1 ). happens while the controller is actuating, is that before the phase lag becomes too large, y = 1 is issued and i , rotates at an average angular frequency w, following v ,~. Consequently, the information provided by the surface ( 3 ) and the control action (4) do not suffice to produce a smooth control of the voltage magnitude. In the light of the preceding results, it seems reasonable that in order to produce w = l , in addition to the condition Sxs > E , be required that the phase lag of i , be slightly smaller than 90". Since it is possible to calculate the maximum rate of increase of V,, waiting for the phase to be within the prescribed bounds implies no more than an accountable ripple in the voltage magnitude. Table 1 ).
It is highly desirable that the actions taken to control V, do not affect substantially the instantaneous generation angular frequency ~, , ( t ) .
B. Frequency Control
Once the generator reaches its steady-state operating condition, the generation angular frequency ~, ( t ) will remain constant. This stationary value is given by:
where np is the number of pole pairs, w, is the mechanical rotor speed and U,/ is the slip angular frequency. The generation frequency can be modified around its steady value simply by varying appropriately the rotor speed. Consequently, frequency control reduces to modifying adequately rotor speed by means of the externally applied torque.
It becomes imperative that speed control be robust and insensitive to parameter variations. There are several alternatives to fulfill the above requirements [13, 141. In this paper, we present a strategy based on VSC. A control action is devised that forces the system to evolve on an adequate switching surface even in the presence of disturbances. Once the system reaches the surface and slides on it, the angular frequency error will converge to zero with first order behavior.
The dynamics of the rotor can be modeled as:
where J is the rotor inertia, B is the viscous friction coefficient, crec is the electromagnetic torque and Tmec is the external mechanical torque applied to the machine.
For convenience, let us define the angular frequency error:
where w,~, is the reference value, that we will assume constant. Consequently, where a = B l J , b = np I J .
Furthermore, we define:
Taking the time derivative of (7), we get:
where U =-{T,,,(t)-Telec(t)}.
The system represented by (6) and (8) 
becomes to
It remains now to define the control action U . In most applications, it is convenient that the dynamic response of the error x1 be fast and without overshoots. This can be obtained using a switching surface defined by:
The larger the value of C in equation (lo), the faster the speed of response. However, if the initial velocity error is too large, the system will reach the switching surface Swxl with an excessive acceleration. Then, in addition to the surface SOsl we can introduce additional surfaces SwSz and Sw,r3 to limit the maximum attainable acceleration and to reduce the requirements of the external mechanical torque. The additional surfaces are described by:
It can be observed that on the surfaces Swsz and SWJ3 the system evolves with constant acceleration and consequently this surfaces are responsible to limit the maximum acceleration of the rotor, while the surface SWs, drives the state ( x I , x 2 ) towards the origin of the phase plane. On Sos2 and S+, q ( t ) evolves describing ramps, while on SWxl, x l ( t ) shows a first order response with time constant l l c . The switching surfaces Swsl, SwJZ and SWs3 do not depend on the system parameters ( a , b ) . Then, using VSC it is possible to force the frequency error to follow predefined gains a, and PZ. Note that is not necessary to know hs,, only a upper bound over its value is required.
For the constant acceleration surfaces S , ,
and Sus,, bounds on the coefficients qol and qz are obtained making zero the slope term in SWs1 that is, c=O in equation (IO) . Hence, the bounds are given by: p l < 0 < a l ; p 2 < --< a 2 ; andK>O.
It is worth to note that the controller design does not require a precise knowledge of the system parameters.
The mechanical torque applied to the generator rotor will be:
Tm,, =j{c,x, +'pzxz +KSgn(Sms)]d~+T,I,,. (13) The integral in (13) will have the effect of filtering the high frequency switching produced by the relay-like term K sgn( sas ) ' dynamics, independent of variations in the parameters of the plant.
Whenever a frequency errors occurs, the state trajectory in the phase plane will be directed towards the switching surface. Once the state reaches the surface, the system will slide on it towards the origin of the phase plane, provided that an adequate control action is taken. The following control law provides a fast reaching and a very low chattering at steady state where and sgn(.) is the sign function defined as
K is a scalar to be defined, and So,, represents any of the surfaces Sms,, Sa, , , or Sa,,. The first term in (11) (the proportional term) is the standard control law used in VSC [22] , whereas the second and third terms are introduced to improve the rejection to disturbances and to obtain a faster reaching mode.
The controller gains ( ql , qz , and K ) can be evaluated based on the existence conditions for sliding mode, [22] , given by:
When applied to the surface S , , , equations (9), (10) Experimental points of the machine magnetizing curve are shown in Fig. 1 Finally, at t = lsec the electric load is changed from R = lOOQ to R = 20022.
The generation angular frequency and the rotor angular speed are shown in Fig. 7 . While the stator voltage is controlled at its reference value before t = 0.4sec, the generation angular frequency is kept at its reference value of wsref = 314.16rad/ sec, When the electric load is changed at t = 0.4secI the slip frequency increases. As the rotor speed cannot be varied instantaneously, the generation frequency drops. The recovery (after i = 0.4sec) is dominated by the rotor mechanical time constant. To bring the angular frequency w, back to its reference value, it is necessary to increase the rotor speed through the external mechanical torque. The angular frequency error tends to zero with a time constant given by I l c .
The external mechanical torque is shown in Fig. 8 . When the angular frequency error increases at t =0.4sec, the mechanical torque tries to reduce the error increasing its value, i.e. accelerating the rotor.
::k related to the connection of the external excitation circuit on the control performance.
Computer simulation were used to show the dynamic performance of the proposed scheme.
The subject of ongoing studies is to make experimental validation of the present results.
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